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Abstract: 13 
 Maxwellite NaFe3+(AsO4)F is an arsenate mineral containing fluoride and forms a 14 
continuous series with tilasite CaMg(AsO4)F. Both maxwellite and tilasite form a continuous 15 
series with durangite NaAl3+(AsO4)F. We have used the combination of scanning electron 16 
microscopy with EDS and vibrational spectroscopy to chemically analyse the mineral 17 
maxwellite and make an assessment of the molecular structure. Chemical analysis shows that 18 
maxwellite is composed of Fe, Na and Ca with minor amounts of Mn and Al. Raman bands 19 
for tilasite at 851 and 831 cm-1 are assigned to the Raman active 1 symmetric stretching 20 
vibration (A1) and the Raman active triply degenerate 3 antisymmetric stretching vibration 21 
(F2).  The Raman band of maxwellite at 871 cm-1 is assigned to the 1 symmetric stretching 22 
vibration and the Raman band at 812 cm-1 is assigned to the 3 antisymmetric stretching 23 
vibration.  The intense Raman band of tilasite at 467 cm-1 is assigned to the Raman active 24 
triply degenerate 4 bending vibration (F2).  Raman band at 331 cm-1 for tilasite is assigned to 25 
the Raman active doubly degenerate 2 symmetric bending vibration (E).  Both Raman and 26 
infrared spectroscopy do not identify any bands in the hydroxyl stretching region as is 27 
expected. 28 
 29 
Keywords: Raman spectroscopy; maxwellite; tilasite; durangite; arsenate 30 
 31 
32 
                                                 
 Author to whom correspondence should be addressed (r.frost@qut.edu.au) 
2 
 
Introduction 33 
Maxwellite NaFe3+(AsO4)F  [1] is an arsenate mineral containing fluoride and forms a 34 
continuous series with tilasite CaMg(AsO4)F [2, 3]. Both minerals may form a continuous 35 
series with durangite [4-6]. These three minerals all form part of the tilasite mineral group 36 
which are anhydrous arsenates with an additional anion [7]. In the case of these three 37 
minerals, it is the fluoride anion. Maxwellite is bright red whereas the colour of tilasite varies 38 
according to the mineral composition from violet gray, green, gray, to pink brown. Durangite 39 
colour is light to dark orange-red, red; green; orange-yellow in artificial light.  The colour of 40 
the solid solutions of these three minerals will be dependent on the composition of the 41 
mineral. Maxwellite is named after Charles Henry Maxwell of U. S. Geological Survey. 42 
Tilasite is named after Daniel Tilas (1712-1772), a Swedish mining engineer. The type 43 
mineral specimen of durangite originates from the Barranca tin mine, about 30 km northeast 44 
of Coneto de Comonfort, Durango, Mexico and thus durangite is named after its place of 45 
origin.  46 
 47 
All three minerals are monoclinic [1, 8, 9].  Maxwellite cell parameters [8] are a = 7.161Å, b 48 
= 8.78Å, c = 6.687Å, Z = 4; beta = 114.58° V = 382.34 Den(Calc)= 4.11 and the values may 49 
be compared with tilasite whose cell parameters are a = 7.553Å, b = 8.951Å, c = 6.701Å, Z = 50 
4; beta = 120.967° V = 388.46 [10].  The values for durangite are a = 6.579Å, b = 8.523Å, c 51 
= 7.048Å, Z = 4; beta = 115.47° V = 356.79 [11, 12].  The cell parameters of all three 52 
minerals are very close. It is likely that these cell parameters are a function of the cation 53 
content. Crystals of maxwellite are prismatic with crystals shaped like slender prisms such as 54 
with tourmaline and form aggregates of numerous individual crystals or clusters.  The habit 55 
of tilasite is quite similar but forms uniformly indistinguishable crystals forming large 56 
masses.   57 
 58 
Raman spectroscopy has proven very useful for the study of minerals. Indeed Raman 59 
spectroscopy has proven most useful for the study of diagenetically related minerals as often 60 
occurs with minerals containing sulphate, arsenate and/or phosphate groups. Raman 61 
spectroscopy is especially useful when the minerals are X-ray non-diffracting or poorly 62 
diffracting and very useful for the study of amorphous and colloidal minerals.  This paper is a 63 
part of systematic studies of vibrational spectra of minerals of secondary origin in the oxide 64 
supergene zone. In this work, we attribute bands at various wavenumbers to vibrational 65 
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modes of maxwellite and tilasite  using Raman spectroscopy and relate the spectra to the 66 
structure of the mineral.  67 
 68 
Experimental 69 
Minerals 70 
The minerals were incorporated into the collection of the Geology Department of the Federal 71 
University of Ouro Preto, Minas Gerais, Brazil, with sample codes  SAC-119 (maxwellite) 72 
and SAC-117 (tilasite). The samples were gently crushed and the associated minerals were 73 
removed under a stereomicroscope Leica MZ4. Scanning electron microscopy (SEM) was 74 
applied to support the chemical characterization. Details of the mineral have been published 75 
(page 344 (maxwellite) and p589 (tilasite), Vol. IV) [13].   76 
 77 
Raman spectroscopy 78 
Crystals of maxwellite or tilasite were placed on a polished metal surface on the stage of an 79 
Olympus BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The 80 
microscope is part of a Renishaw 1000 Raman microscope system, which also includes a 81 
monochromator, a filter system and a CCD detector (1024 pixels). The Raman spectra were 82 
excited by a Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 83 
nm and collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range 84 
between 100 and 4000 cm-1. Repeated acquisition on the crystals using the highest 85 
magnification (50x) was accumulated to improve the signal to noise ratio in the spectra. 86 
Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer.   87 
 88 
Infrared spectroscopy 89 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 90 
endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range were 91 
obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror velocity of 92 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio. 93 
 94 
Band component analysis was undertaken using the Jandel ‘Peakfit’ (Erkrath, 95 
Germany) software package which enabled the type of fitting function to be selected and 96 
allowed specific parameters to be fixed or varied accordingly. Band fitting was done using a 97 
Lorentz-Gauss cross-product function with the minimum number of component bands used 98 
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for the fitting process. The Lorentz-Gauss ratio was maintained at values greater than 0.7 and 99 
fitting was undertaken until reproducible results were obtained with squared correlations ( r2) 100 
greater than 0.995.  Band fitting of the spectra is quite reliable providing there is some band 101 
separation or changes in the spectral profile.   102 
Results and discussion 103 
 104 
Chemistry 105 
The maxwellite sample was characterized by SEM/EDS. The backscattering image shows a 106 
fragment o maxwellite in association with a granular non identified matrix.(Figure 1). 107 
Chemical data measured in the maxwellite phase is presented in Figure 2 and shows a 108 
composition dominated by Fe, As, Na and Fe. Minor amounts of Ca, Mn, Ti, Al and Ti are 109 
also observed. The presence of C is due to the carbon coating. 110 
 111 
Arsenate vibrations 112 
 According to Myneni et al.  [14, 15] and Nakamoto [16], (AsO4)3- is a tetrahedral unit, 113 
which exhibits four fundamental vibrations: namely the Raman active 1 symmetric 114 
stretching vibration (A1) at around 818 cm-1; the Raman active doubly degenerate 2 115 
symmetric bending vibration (E) at 350 cm-1, the infrared and Raman active triply degenerate 116 
3 antisymmetric stretching vibration (F2) at 786 cm-1, and the infrared and Raman active 117 
triply degenerate 4 bending vibration (F2) at 405 cm-1. Protonation, metal complexation, 118 
and/or adsorption on a mineral surface will cause the change in (AsO4)3- symmetry from Td to 119 
lower symmetries, such as C3v, C2v or even C1. This loss of degeneracy causes splitting of 120 
degenerate vibrations of (AsO4)3- and the shifting of the As-OH stretching vibrations to 121 
different wavenumbers.  122 
 123 
Such chemical interactions reduce (AsO4)3- tetrahedral symmetry, as mentioned 124 
above, to either C3v/C3 (corner-sharing), C2v/C2 (edge-sharing, bidentate binuclear), or C1/Cs 125 
(corner-sharing, edge-sharing, bidentate binuclear, multidentate) [14, 15].  In association with 126 
(AsO4)3- symmetry and coordination changes, the A1 band may shift to different 127 
wavenumbers and the doubly degenerate E and triply degenerate F modes may give rise to 128 
several new A1, B1, and/or E vibrations [14, 15]. In the absence of symmetry deviations, 129 
(AsO3OH)2- in C3v symmetry exhibit the s As-OH and as and s (AsO3OH)2- vibrations 130 
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together with corresponding the  As-OH in-plane bending vibration,  As-OH out-of-plane 131 
bending vibration, s (AsO3OH)2- stretching vibration and as (AsO3OH)2- bending vibration  132 
[17-19].  Keller [17] observed the following infrared bands in Na2(AsO3OH)·7H2O 450 and 133 
assigned bands at 360 cm-1 to as (4) (AsO3OH)2- bend (E), 580 cm-1 to the  As-OH out-of-134 
plane bend, 715 cm-1 to the  As-OH stretch (A1), 830 cm-1 to the as (AsO3OH)2- stretch (E), 135 
and 1165 cm-1 to the  As-OH in plane bend. In the Raman spectrum of Na2(AsO3OH)·7H2O, 136 
Vansant et al.  [18] attributed Raman bands to the following vibrations 55, 94, 116 and 155 137 
cm-1 to lattice modes, 210 cm-1 to  (OH…O) stretch, 315 cm-1 to (AsO3OH)2- rocking, 338 138 
cm-1 to the s (AsO3)2- bend, 381 cm-1 to the as (AsO3OH)2- bend, 737 cm-1 to the s As-OH 139 
stretch (A1), 866 cm-1 to the as (AsO3OH)2- stretch (E). 140 
 141 
Raman spectroscopy 142 
The Raman spectra of maxwellite and tilasite over the 100 to 4000 cm-1 spectral range are 143 
displayed in Figures 3a and 3b respectively. These spectra show the position and relative 144 
intensities of the Raman bands. It is obvious that there are large parts of the spectra where no 145 
intensity is observed and so the spectra are subdivided into sections based upon the type of 146 
molecular vibration being studied.  147 
 148 
The infrared spectra of these two minerals are given in the supplementary information. The 149 
infrared spectra of maxwellite and tilasite over the 500 to 4000 cm-1 spectral range are 150 
reported in Figure S1a and S1b respectively. These spectra show the positions of the infrared 151 
peaks and the relative intensities of these peaks. The infrared spectra of maxwellite over the 152 
650 to 1200 cm-1 spectral range and of tilasite over the 650 to 950 cm-1 spectral range are 153 
reported in Figures S2a and S2b respectively. These spectra are plotted over different spectral 154 
ranges because in the first spectrum (maxwellite), there are a series of peaks which are not 155 
observed in the spectrum of tilasite. These additional peaks are attributable to phosphate 156 
vibrations, showing that there is some isomorphous substitution of arsenate by phosphate in 157 
the structure of maxwellite. 158 
 159 
The Raman spectrum of maxwellite over the 650 to 1050 cm-1 spectral range is provided in 160 
Figure 4a. Whereas the Raman spectrum of tilasite over the 750 to 950 cm-1 spectral range is 161 
illustrated in Figure 4b.  The Raman spectrum of maxwellite in this part of the spectrum 162 
appears more complex than that for tilasite.  The Raman spectrum of tilasite is characterised 163 
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by sharp bands. The two highest intensity bands are observed at 851 and 831 cm-1 and are 164 
assigned to the Raman active 1 symmetric stretching vibration (A1) and the Raman active 165 
triply degenerate 3 antisymmetric stretching vibration (F2).  A shoulder band at 820 cm-1 is 166 
probably also due to this vibrational mode. In mineral chemistry the size of F- ion is almost 167 
identical t that of the OH- ion. Hence, the F- anion may simply replace the OH- anion. In the 168 
absence of symmetry deviations, (AsO3OH)2- in C3v symmetry exhibit the s As-OH and as 169 
and s (AsO3OH)2- vibrations together with corresponding the  As-OH in-plane bending 170 
vibration,  As-OH out-of-plane bending vibration, s (AsO3OH)2- stretching vibration and 171 
as (AsO3OH)2- bending vibration  [17-19].  Thus, it is proposed that the band at 876 cm-1 and 172 
the 859 cm-1 band  is ascribed to the s and as (AsO3F)2- vibrations.  The assignment of the 173 
Raman bands for maxwellite in this spectral region is complicated by the presence of 174 
phosphate in the structure as is evidenced by the infrared spectrum (Figure S2a). The Raman 175 
band of maxwellite at 871 cm-1 is assigned to the 1 symmetric stretching vibration and the 176 
Raman band at 812 cm-1 is assigned to the 3 antisymmetric stretching vibration.  It is thought 177 
that the Raman bands at 894 and 849 cm-1 are due to the to the s and as (AsO3F)2- 178 
vibrations.  The Raman bands at 914 and 954 cm-1 are due to phosphate vibrations.  179 
 180 
In the Raman spectrum of maxwellite downloaded from the RRUFF data base, two intense 181 
sharp peaks are observed at 866 and 794 cm-1 and are assigned to the symmetric and 182 
antisymmetric stretching vibrations of the AsO43- units. Two broad bands are found at 630 183 
and 650 cm-1. It is not known to what these bands may be assigned. In the Raman spectrum of 184 
tilasite downloaded from the RRUFF data base, a very intense sharp band at 850 cm-1 is 185 
observed with two shoulder bands of much lower intensity at 828 and 874 cm-1.  The position 186 
of the Raman bands for tilasite from the RRUFF data base is in good agreement with the 187 
Raman spectrum of tilasite reported in this work. Some variation in intensity is found 188 
between the two Raman spectra of tilasite but this may be simply due to orientation effects. 189 
 190 
In the infrared spectrum of maxwellite and tilasite, the infrared bands overlap but 191 
nevertheless band component analysis does enable the component bands to be resolved. The 192 
infrared spectrum of maxwellite over the 650 to 1200 cm-1 spectral range is shown in Figure 193 
S2a. The infrared spectrum of tilasite over the 650 to 1200 cm-1 spectral range is shown in 194 
Figure S2b. The broad infrared spectral profile of maxwellite between 650 and 950 cm-1 are 195 
attributed to AsO43- stretching vibrations. The broad infrared profile between 950 and 1150 196 
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cm-1 are due to phosphate bands. Band separation is slightly better for tilasite. The infrared 197 
bands between 650 and 950 cm-1 are attributed to arsenate stretching vibrations.  198 
 199 
The complexity of the Raman spectra of maxwellite is reflected in the 400 to 600 cm-1 200 
spectral region (Figure 5a).  Here we observed four peaks at 455, 487, 523 and 542 cm-1. 201 
These bands are broad and reflect the complexity of the phosphate units in the maxwellite 202 
structure. In some ways the RRUFF spectrum resembles this spectrum (Figure 5a). The 203 
RRUFF spectrum shows a band at 526 cm-1 with another band at around 489 cm-1. This latter 204 
band is assigned to the Raman active triply degenerate 4 bending vibration (F2).   205 
 206 
The Raman spectrum of tilasite in the 300 to 550 cm-1 spectral region is shown in Figure 5b.  207 
The intense Raman band of tilasite at 467 cm-1 is assigned to the Raman active triply 208 
degenerate 4 bending vibration (F2).  The other low intensity Raman bands at 438, 450, 494 209 
and 501 cm-1 of tilasite are probably due to this vibration and simply served to show there is a 210 
reduction of symmetry of the arsenate anion in the tilasite structure. The intense Raman band 211 
at 331 cm-1 for tilasite is assigned to the Raman active doubly degenerate 2 symmetric 212 
bending vibration (E).  The two other Raman bands at 365 and 393 cm-1 are also attributed to 213 
this vibration. The Raman spectrum of tilasite downloaded from the RRUFF data base shows 214 
Raman bands at 327, 360, 380, 463 and 501 cm-1. The position of these bands is in reasonable 215 
agreement with the position of the bands reported here. As would be expected the position of 216 
the Raman bands in this spectral region will be a function of the chemical composition which 217 
in turn is a function of the origin of the sample.   218 
 219 
The Raman spectrum of maxwellite in the 100 to 400 cm-1 spectral region is illustrated in 220 
Figure 6a and the Raman spectrum of tilasite in the 100 to 300 cm-1 spectral region is 221 
illustrated in Figure 6b.  Intense Raman bands for maxwellite are observed at 309 and 327 222 
cm-1 with shoulder bands at 291, 346, 360 and 373 cm-1. It is thought that these bands are 223 
due to metal oxygen stretching vibrations. Other bands for maxwellite at 111, 140, 154 and 224 
164 cm-1 are noted and are described as lattice vibrations. The intensity of these lattice bands 225 
for tilasite show much greater intensity. Raman bands are noted at 111, 139, 149 and 160 cm-226 
1. The spectrum of maxwellite and tilasite are very similar in this part of the spectrum.  227 
 228 
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It should be noted that formula of the minerals, maxwellite, tilasite and durangite show the 229 
absence of water and OH units. This is also observed by the lack of signal in the Raman 230 
spectrum of maxwellite and tilasite (see Figures 3a and 3b). It is obvious that no intensity 231 
exists in the OH stretching region. In the infrared spectrum of maxwellite no intensity in the 232 
OH stretching region was found. However very weak infrared bands for tilasite were 233 
observed at 3196 and 3437 cm-1 and were assigned to adsorbed water. 234 
 235 
Conclusions 236 
We have used a combination of scanning electron microscopy with EDX and both Raman 237 
and infrared spectroscopy to study the chemistry and molecular structure of the mineral 238 
maxwellite NaFe3+(AsO4)F.  A comparison is made with the spectroscopy of tilasite 239 
CaMg(AsO4)F.  SEM identifies a single phase. Chemical analysis shows that maxwellite is 240 
composed of Fe, Na and Ca with minor amounts of Mn and Al.  The molecular structure of 241 
maxwellite and tilasite were analysed by Raman and infrared spectroscopy. Raman bands are 242 
assigned to the AsO43- stretching and bending vibrations. No bands attributable to water or 243 
hydroxyl stre5tching vibrations were observed.  244 
 245 
246 
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Figure 3a Raman spectrum of maxwellite (upper spectrum) over the 100 to 4000 cm-1 
spectral range and Figure 3b Raman spectrum of tilasite (lower spectrum) over the 100 
to 4000 cm-1 spectral range 
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Figure 4 (a) Raman spectrum of maxwellite over the 650 to 1050 cm-1 
spectral range 4 (b) Raman spectrum of tilasite over the 750 to 950 cm-1 
spectral range 
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Figure 5a Raman spectrum of maxwellite (upper spectrum) in the 
400 to 600 cm-1 spectral range and Figure 5b Raman spectrum of 
tilasite (lower spectrum) in the 300 to 550  cm-1 spectral range 
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Figure 6a Raman spectrum of maxwellite (upper spectrum) in the 
100 to 400 cm-1 spectral range and Figure 6b Raman spectrum of 
tilasite (lower spectrum) in the 100 to 300  cm-1 spectral range 
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